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Among the various techniques available, ultrasonic Lamb waves offer a convenient method of
examining composite materials. Since the Lamb wave velocity depends on the elastic properties of
a material, an effective tool exists to evaluate composites by measuring the velocity of these waves.
Lamb waves can propagate over long distances and are sensitive to the desired in-plane elastic
properties of the material. This paper discusses a study in which Lamb waves were used to examine
fiber volume fraction variations of approximately 0.40–0.70 in composites. The Lamb wave
measurements were compared to fiber volume fractions obtained from acid digestion tests.
Additionally, a model to predict the fiber volume fraction from Lamb wave velocity values was
evaluated. ©1998 Acoustical Society of America.@S0001-4966~98!03809-0#
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INTRODUCTION

Manufacturing anomalies such as porosity, fiber m
alignment, and low fiber volume fraction can all degrade
performance of composite materials. Mechanical testing
Ghiorse1 and Olster2 have shown that the strength and mod
lus of composites exhibit a significant decrease due to po
ity. The most widely used procedure for determining the
ber volume fraction and porosity content of a composite
chemical digestion. This method is destructive, only provid
a local measurement, and produces toxic waste which
quires disposal. Thus developing a nondestructive mean
characterizing composites in order to assure the quality
the product being produced would be useful.

In past studies, thermal diffusivity measurements ha
shown some promise in determining porosity3,4 and fiber vol-
ume fraction.4,5 Eddy current measurements6 have been used
to measure fiber volume fraction in metal matrix composi
and radiography7 has been used in an effort to measure p
rosity. Although these techniques show promise, ultraso
is one of the most widely accepted nondestructive techniq
used to measure fiber volume fraction and porosity. Ult
sonic attenuation measurements have been used to me
porosity3,8 and fiber volume fraction9 and the variation of
ultrasonic velocity~longitudinal and/or transverse! with both
porosity4,10–13 and fiber volume fraction9,11–13 has been ex-
amined.

Ultrasonic Lamb waves have also been used to inve
gate porosity14–16as well as fiber volume fraction.14,16Lamb
waves offer a convenient method of evaluating these c
posite materials. Since the Lamb wave velocity depends
the material properties of a structure, an effective tool ex
a!Current address: NASA Langley Research Center, Mail Stop 231, Ham
ton, VA 23681.

b!Army Research Lab, Vehicle Technology Center.
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to monitor composites by measuring the velocity of the
waves. Additionally, Lamb wave measurements are be
than conventional through-the-thickness ultrasonic meas
ments because they can propagate over long distances
are sensitive to the desired in-plane elastic properties of
material.

The following sections describe an experimental stu
which uses Lamb waves to nondestructively assess fiber
ume fraction in composites. Previous studies by Balasub
maniam and Rose16 successfully used higher order Lam
modes to investigate both porosity and fiber volume fracti
In this work, the velocity of the extensional mode is me
sured for composite samples with various fiber volume fr
tions. The results are also related to a model and the mod
used to predict the fiber volume fraction from the veloc
measurements.

I. SAMPLES

The composite samples studied were T300/934 carb
epoxy with stacking sequences of@0/90#4S and @0/90#8S.
The fiber volume fractions had values ranging from appro
mately 0.40 to 0.70. The samples were cured in a mechan
press in an attempt to achieve consistent thickness. In o
to attain 0.65 and 0.70 fiber volume fractions, the plies
these samples were prebled prior to final curing. The sam
were cut from a 30.5-cm3 30.5-cm plate and had dimen
sions of 15.2 cm by 15.2 cm. The thicknesses, obtained
averaging ten measurements for each sample, decreased
increasing fiber volume fraction. Specimens were taken
three different areas of the large plate and chemical diges
tests were done to determine the average fiber volume f
tion. According to ASTM standards,17 the values for fiber

volume fraction obtained from digestion testing are accurate
to within 2%. The results for the destructive tests are shown
in Table I.

p-
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II. LAMB WAVE MODEL

For a laminated composite with the 1-axis defined as
fiber direction, the 2-axis transverse to the fibers, and
3-axis being out of the plane of the plate, the stress–st
relationship in an individual lamina is given by18

Fs1

s2

t6

G5FQ11 Q12 0

Q12 Q22 0

0 0 Q66

G F e1

e2

g6

G , ~1!

wheres and t represent the normal and shear stresses,
spectively, ande and g represent the normal and she
strains, respectively. TheQi j are the reduced stiffness com
ponents and are defined in terms of the engineering par
eters as18

Q115E1 /~12n12n21!,

Q225E2 /~12n12n21!, ~2!

Q125n12E1 /~12n12n21!,

whereE1 andE2 are the Young’s moduli in the longitudina
and transverse directions, respectively, andn12 and n21 are
the major and minor Poisson’s ratios, respectively. The P
son’s ratios in Eq.~2! are not independent quantities and a
related to each other by18

n215
E2

E1
n12. ~3!

The in-plane stiffnesses for the entire plate,A11 and
A22, are obtained by integrating theQi j through the thick-
ness of the plate. These stiffness values are defined as19

Ai j 5E
2h/2

h/2

~Qi j8 !k dz, i , j 51,2, ~4!

whereh is the plate thickness and the subscriptk represents
each lamina. TheQi j8 are the transformed stiffness coef

TABLE I. Destructive test results to determine fiber volume fraction~FVF!.

Sample Layers Target FVF Destructive FVF Thickness~mm!

40-1 16 0.40 0.380 2.00
50-1 16 0.50 0.529 1.78
60-1 16 0.60 0.590 1.57
65-1 16 0.65 0.659 1.35
70-1 16 0.70 0.690 1.35
40-2 32 0.40 0.395 3.84
50-2 32 0.50 0.518 3.40
60-2 32 0.60 0.580 3.40
65-2 32 0.65 0.660 2.72
70-2 32 0.70 0.690 2.72
cients which take into account the orientation of each pl
with respect to the wave propagation direction and are d
fined as18
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Q118 5m4Q111n4Q2212m2n2Q1214m2n2Q66,

Q228 5n4Q111m4Q2212m2n2Q1214m2n2Q66, ~5!

Q128 5m2n2Q111m2n2Q221~m41n4!Q1224m2n2Q66,

wherem5cos(u) and n5sin(u). The angleu is defined as
positive for a counterclockwise rotation from the prime
~laminate! axes to the unprimed~individual lamina! axes.
From Eq.~5!, theQi j8 for the 0° and 90° laminas are given b

~Q118 !0 deg5Q11, ~Q118 !90 deg5Q22,

~Q228 !0 deg5Q22, ~Q228 !90 deg5Q11, ~6!

~Q128 !0 deg5Q12, ~Q128 !90 deg5Q12.

The velocity of the extensional plate mode can be
lated to the in-plane stiffness of a composite.19 For propaga-
tion in the 0° and 90° directions, these stiffnesses areA11 and
A22, respectively. The extensional plate mode velocity
related to the stiffness by19

v15AA11

rh
~7!

for propagation in the 0° direction and by

v25AA22

rh
~8!

for propagation in the 90° direction. The values for the
plane stiffnessesA11 and A22 can be calculated using Eqs
~2!–~6! if the engineering stiffnesses of the composite a
known. If the density,r, and overall thickness of the plate,h,
are known as well, then the extensional mode velocity in
0° and 90° directions can be computed using Eqs.~7! and
~8!.

The effect of fiber volume fraction on composite lamin
parameters can be derived from a simple rule of mixtu
approach. The density takes the form20

r5r fVf1rmVm ~9!

and the elastic constants are given by18

E15E1 fVf1EmVm , ~10!

E25
EmE2 f

E2 fVm1EmVf
, ~11!

n125n12fVf1nmVm , ~12!

wherer is the density,E1 and E2 are the longitudinal and
transverse moduli, respectively,n12 is Poisson’s ratio,Vf is
the fiber fraction, andVm is the matrix fraction. Thef andm
subscripts represent the constituent properties of the fi
and matrix, respectively, and quantities without subscri
represent the composite lamina properties.

In order to predict the composite properties as a funct
of fiber volume, the properties of the fiber and matrix mu
y
e-
be obtained. The elastic modulus of the matrix was obtained
from the manufacturer21 and the density and Poisson’s ratio
were estimated using common matrix values found in

1400Seale et al.: Lamb wave assessment of composites
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Chamis.20 The fiber properties were obtained from Chamis20

The various values used in the model are compiled in Ta
II.

The material parameters as a function of fiber volu
fraction were calculated using Eqs.~9!–~12! and the values
listed in Table II. From these values, the reduced stiffnes
for an individual lamina,Qi j , were calculated using Eqs
~2!–~3!. The in-plane stiffnesses for the laminate,A11 and
A22, were then computed using Eqs.~4!–~6!. Finally, the
extensional mode velocity as a function of fiber volume fra
tion was determined from Eqs.~7! to ~8!. Due to the archi-
tecture of the laminates, the velocity in the 90° direction
identical to the velocity in the 0° direction. Also, since th
in-plane stiffness,Ai j , is dependent on the thickness of th
sample, the Lamb wave velocity is independent of sam
thickness because the thickness term is canceled by the
tor of h in the denominator of Eqs.~7!–~8!. Therefore, the
calculated velocity as a function of fiber volume fraction
representative for both the 16-ply and 32-ply samples as
as for propagation in the 0° and 90° directions.

III. LAMB WAVE MEASUREMENTS

A 0.5-mm pencil lead break~Hsu-Neilsen source! on the
edge of the samples was used to excite Lamb modes in
sample over a broad range of frequencies. Breaking the
on the edge of the plate will tend to excite extensional mo
(S0) due to the fact that this mode is dominated by in-pla
motion.19 A typical signal for a lead break on the edge of
composite is shown in Fig. 1. As can be seen from the figu
the first arrival is the faster, nondispersive extensional mo
followed by the slower, dispersive flexural mode.

The signals were received by two Panametrics mo
V103 1.3-cm-diam transducers with a nominal center f
quency of 1.0 MHz. The transducers were placed at distan
of 5.1 cm and 10.2 cm from the lead break and a coup
gel was used between the transducers and the plate.

TABLE II. Composite material properties.

Material r (kg/m3) E1 ~GPa! E2 ~GPa! n12

Matrix 1220a 4.14b 4.14b 0.35a

Fiberc 1770 220.6 13.79 0.20

aEstimated from common matrix values found in Ref. 20.
bReference 21.
cReference 20.
FIG. 1. Signal produced by a pencil lead break on the edge of a composi
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signals from the transducers were amplified with Tektro
AM 502 differential amplifiers and recorded on a LeCro
model 9420 digital oscilloscope. A schematic of the expe
mental setup is shown in Fig. 2.

The time differences were measured by imposing a
lay on the first signal to overlap the signal received a
greater distance. The small thickness of the plates comb
with the low-frequency Lamb wave yielded frequenc
thickness products between 0.3 and 0.7 MHz•mm. In this
region, only theS0 andA0 modes propagate~see Fig. 1!. The
leading part of the wave was identified as the extensio
wave, which is not very dispersive. The trailing portion
the signals contained the dispersive flexural wave which w
clearly separated from the extensional mode. The separa
distance between the two receiving transducers was m
sured using a ruler and held fixed at 5.1 cm. Using the d
tance and time values, the velocity of theS0 mode was mea-
sured in both the 0° and 90° directions. The final value
the velocity in each direction was obtained from the avera
of three measurements.

The results of the Lamb wave velocity measurements
the 16-layer samples are plotted as a function of the dest
tively obtained fiber volume fraction in Fig. 3. Also shown
the figure is the predicted Lamb wave velocity as a funct
of fiber volume fraction obtained from the model. The resu
for the 32-layer samples are shown in Fig. 4. The error b
represent the variation in the velocity measurements for e
sample. The standard deviation for most of the specim

FIG. 2. Schematic showing source and receiver locations.
te.

FIG. 3. Lamb wave velocity measurements in the 0°~solid circles! and 90°
~open triangles! directions for the 16-layer samples. Also shown is the nu-
merically predictedS0 mode velocity~solid line!.

1401Seale et al.: Lamb wave assessment of composites
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was less than 4% from the average of the three meas
ments.

Several interesting features are seen in the figures. F
the increase of the Lamb wave velocity with fiber volum
fraction for both the 16-layer and 32-layer samples is qu
dramatic. The increase in velocity from the 0.40 fiber volu
fraction sample to the 0.70 fiber volume fraction sample
on the order of 15%. Second, due to the geometry of
samples, the velocity in the 0° and 90° directions are v
similar. This is expected because the model predicts the
locities to be identical. Finally, the experimental velociti
are very close to those predicted by the model. The disc
ancies are probably due to the fact that the material pro
ties used in the model were values taken from the literat
As properties of composites may vary significantly depe
ing on cure conditions and variations in resin chemistry,
discrepancy between the actual material parameters of
manufactured composite and nominal values obtained f
literature is not unexpected. Additionally, as stated earl
there is up to a 2% error associated with the determinatio
fiber volume fraction from chemical digestion.17 Therefore,
the destructively obtained fiber volume fraction reported h
may have some inaccuracies due to the measurement
nique.

An alternate way of presenting the Lamb wave data is
use the velocity measurements to predict the fiber volu
fraction. If the velocity is known, the in-plane stiffness c

FIG. 4. Lamb wave velocity measurements in the 0°~solid circles! and 90°
~open triangles! directions for the 32-layer samples. Also shown is the n
merically predictedS0 mode velocity~solid line!.
FIG. 5. Fiber volume fraction predicted using Lamb wave velocity measure
ments in the 0°~solid circles! and 90°~open triangles! directions compared
to destructively obtained fiber volume fraction. Data are for 16-laye
samples and the solid line represents an exact fit.

1402 J. Acoust. Soc. Am., Vol. 104, No. 3, Pt. 1, September 1998
re-

st,

e
e
s
e
y
e-

p-
r-
e.
-
e
he
m
r,
of

e
ch-

o
e

be calculated using Eqs.~7!–~8!. From the values ofA11 and
A22, the fiber volume fraction can be backed out using E
~2!–~6! and Eqs. ~9!–~12!. The results for the 16-laye
samples are shown in Fig. 5 and the results for the 32-la
samples are shown in Fig. 6. The fiber volume fraction p
dicted by the Lamb wave velocity measurements correla
well with the values obtained from the destructive tests.
mentioned above, the deviations seen are probably du
estimating the material properties of the system as wel
manufacturing variations in the measured samples.

In addition to the Lamb wave velocity measuremen
the frequency content of theS0 mode was also examined a
a function of fiber volume fraction. The average frequen
from four measurements is shown in Fig. 7 for both t
16-layer and the 32-layer samples. The frequency of pro
gation is higher for the thin plates and the frequency
creases with increasing fiber volume fraction for both t
thick and the thin plates. This shift toward higher frequenc
with increasing fiber fraction was demonstrated by Ba
subramaniam and Rose16 for higher order Lamb modes. Thu
the frequency content as well as the Lamb wave velocity
provide useful information in characterizing the fiber volum
fraction of composites.

IV. CONCLUSION

The Lamb wave velocity measurements in this stu
were conducted at long wavelengths. This was done for s
eral reasons. First, if the wavelength is large compared to

FIG. 6. Fiber volume fraction predicted using Lamb wave velocity measu
ments in the 0°~solid circles! and 90°~open triangles! directions compared
to destructively obtained fiber volume fraction. Data are for 32-la
samples and the solid line represents an exact fit.

-

-

r FIG. 7. Frequency versus fiber volume fraction for the 16-layer~solid
circles! and 32-layer~open triangles! samples.

1402Seale et al.: Lamb wave assessment of composites
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diameter of the fibers, composites can be treated as hom
neous. Second, only the lowest order modes propagate in
frequency range where the contact measurements were
ducted. Finally, the effective elastic properties of the ma
rial can be measured because local anomalies, which sc
high frequency waves, will not be observed at long wa
lengths.

Lamb waves offer a useful technique for characteriz
the material properties in composite materials. Lamb w
velocity measurements are better than conventional u
sonic measurement schemes~i.e., through-the-thicknes
measurements! because they can propagate over long d
tances and are sensitive to the desired in-plane elastic p
erties of the material. The propagation of Lamb waves
pends on a variety of material properties: elastic stiffn
constants, density, and thickness. As manufacturing ab
malities ~porosity, fiber misalignment, and low fiber volum
fraction! are introduced into a composite, one or more
these material properties are altered. Since the Lamb w
velocity is directly related to these parameters, a conven
method exists to monitor composites by measuring the
locity of these waves.

The Lamb wave velocity is a quantitative measurem
and it has been shown by this work to be an effective too
evaluating fiber volume fraction in composites. Thus t
Lamb wave method can be used to verify the integrity o
composite after it is manufactured. This is an important m
surement for flight qualified composite materials that may
used in extreme conditions. With the continued developm
of assessment techniques such as the Lamb wave me
the safety of such structures can be assured.
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